We study the impact of pulsed laser annealing on SiGe-oninsulator (SGOI) substrated formed by Ge condensation. The Ge condensation process comprises of cyclic oxidation and annealing steps, resulting in a strained SiGe layer. The strain developed in the SiGe layer as condensation proceeds is systematically studied. The SGOI layer is then irradiated with an excimer laser. The laser annealing relaxes the compressive strain in the crystalline SiGe layer to -0.28% when irradiated with a laser fluence of 450mJ/cm 2 for 7 consecutive pulses. Spectroscopic ellipsometry and atomic force microscopy measurements of the laser-annealed surface revealed the excellent crystallinity and improved surface roughness (~0.42 nm). A clear understanding of the strain evolution with excimer laser energy density and pulse number enables the SGOI substrate fabrication to be tailored according to the requirements of strain engineering for application in high mobility MOSFETs.
INTRODUCTION
Group-IV high-mobility semiconductors such as Ge has been considered as alternative channel materials for further extension of MOSFET performance [1] . Compared to silicon, Ge possesses higher carrier mobilities which are highly desirable for high speed applications. Semiconductor-on-insulator substrates with an ultrathin semiconductor thickness is attractive for achieving excellent electrostatic control and reduced short-channel effects. Therefore, SiGe-on-insulator (SGOI) or Ge-on-insulator (GOI) substrates are of great research interest. The substrate quality must be high and have low defect density. Substrates with high defect density and a rough surface would degrade transistor drive current and gate oxide quality. Ge condensation process has been employed to form SGOI and GOI substrates, with the quality depending on the choice of the initial substrate parameters (SOI thickness, SiGe thickness, SiGe epitaxy, Ge content etc.), and the process conditions during the Ge condensation process.
In this work, we adopt a novel process which employs pulsed laser irradiation together with Ge condensation technique to form high-quality strain-relaxed SGOI substrates. This technique is promising for the fabrication of dislocation-free and strain-relaxed SGOI layers for ultra-thin-body transistors.
SUBSTRATE FABRICATION
The fabrication process for a partially relaxed Si 0.17 Ge 0.83 OI substate is shown in Fig. 1 . Excimer laser irradiation relieves the strain of the SiGe layer without dislocation generated. Excimer laser irradiation (λ = 248 nm; full width at half maximum of the pulse = 23 ns) at room temperature was carried out under continuous purified N 2 purging. Laser annealing using multiple pulses (1, 2, 5 and 7 pulses) and various fluences (0.25, 0.45, and 0.6 J cm −2 ) was performed to study the effect of repeated irradiation on strain relaxation of the Si 0.17 Ge 0.83 -on-insulator (Fig. 2) . A TEM image of a Si 0.17 Ge 0.83 -on-insulator is featured in Fig. 3 . Dislocations are observed in the condensed Si 0.17 Ge 0.83 layer [ Fig. 3(a) ]. Many of the dislocations lie on 60° glide planes and do not propagate to the SiGeburied-oxide interface. The propagation of dislocations could arise during film relaxation. If the laser energy density is high enough to fully melt the Si 0.17 Ge 0.83 layer up to the point where the dislocation terminates, removal of the dislocation induced damage and epitaxial recrystallisation of the melted layer on the single-crystal substrate can be achieved [ Fig. 3(b) ]. It is observed that pulsed laser melting of Si 0.17 Ge 0.83 -on-insulator produces nearly defect free SiGe layers on the defect-free matrix in an epitaxial re-growth process. Fig. 4 schematically illustrates the structure of a laser-irradiated sample of Si 0.17 Ge 0.83 -on-insulator. The film quality of Si 0.17 Ge 0.83 -on-insulator after laser irradiation depends on its initial thickness, the laser-pulse energy density and the number of pulses. If the energy density is low (250 mJ/cm 2 ), only the surface melts, and upon recrystallization, the resulting Si 0.17 Ge 0.83 -on-insulator will only be partially relaxed as its strain state is affected by the Si 0.17 Ge 0.83 in the un-melted template. In the medium energy density range, (450 mJ/cm 2 ), the melting front (liquid-SiGe/solid-SiGe interface) does not reach to the SiGe/BOX interface. Thus, liquid-phase crystallization is induced by using the remaining unmelted Si 0.17 Ge 0.83 regions as the crystallization seeds. In the high energy density range, (600 mJ/cm 2 ), whole Si 0.17 Ge 0.83 layers are completely melted and since there are no seeds to aid recrystallization, amorphous film is formed (Fig. 5 ). Fig. 6 (a) and 7(a) shows the atomic force micrscopy (AFM) and optical microscope image of the surface morphology of the of Si 0.17 Ge 0.83 -OI layer after the surface oxide was removed. Distinguishable cross-hatch patterns were observed in the image after Ge condensation. Cross-hatch renders the substrate unsuitable for device fabrication. Such crystal defects leads to high off-state leakage current and even source-drain shorts in devices. The recrystallisation process of the SiGe near the surface after the laser pulse restores the crystallinity in the SiGe film [ Fig. 6 (b) and 7(b)]. The absence of dislocation and cross hatch pattern indicates that strain is relieved without generating dislocations.
LASER IRRADIATION CONCEPT

RESULTS AND DISCUSSION
Raman spectroscopy technique was used for evaluating the strain level in the Si 0.17 Ge 0.83 -OI layer (Fig. 8) . The difference in the Raman shift indicates that annealing with a higher energy density of 450 mJ/cm 2 results in more relaxation. Fig. 9 shows magnified profiles around the Ge-Ge mode peak. The Raman signal in Si 0.17 Ge 0.83 (ω) can be described by ω = ω Si0.17Ge0.83 + 16 (ε/ε 0 ) [4] . A compressive strain with a magnitude of 0.8% was initially present in the Si 0.17 Ge 0.83 layer after Ge condensation. Fig. 10 shows that laser annealing at 250 mJ/cm 2 relaxes the SiGe film to 0.47%, and at 450 mJ/cm 2 relaxes the film by a further 0.14%. One possible reason for the stress relaxation mechanism is the difference in the thermal expansion coefficients between Si 0.17 Ge 0.83 and SiO 2 . During rapid cooling from the melting point of SiGe to room temperature, the thermal-expansion originated strain relaxes the compressive strain. Fig. 11 plots the strain state of the SiGe film as condensation proceeds with time. When the oxidation was interrupted with periodic anneal cycles, the strain state changed from -1.2% compressive strain, to -0.8%. The strain change was calibrated by shifts in the Raman peak of the Si-Si and Si-Ge. High temperature anneal enabled the viscous reflow of the buried oxide, and relaxed the SiGe film substantially. The strain relieving glide of the buried oxide prevents accumulation of the mismatch strain, which otherwise leads to the propagation of dislocations. Fig. 12 shows that increasing the number of laser pulses enhances laser energy absorption induced by surface inhomogeneities formed during laser annealing. Increasing the number of pulses leads to reduction of surface reflectance. From SLIM simulation [5] , this results in more uniform melting and further enhances strain relaxation by 15.7% when laser pulse is increased from 1 to 7 pulses. CONCLUSION Relaxation of Si 0.17 Ge 0.83 -on-insulator film by laser irradiation has been examined. We have proposed a novel technique for strain relaxation in compressively strained SiGe by changing the laser power density and laser pulses to produce a relaxed SGOI structures. Process window (450 mJ/cm 2 ) for laser irradiation is sufficiently large, which is applicable for wafer production. These results demonstrate that laser annealing is be a useful technique to fabricate strain-relaxed SGOI and GOI substrates with reduced defect density. 
